The termination of the Jaramillo (normal to reverse) subchron is a key chronostratigraphic marker for dating global Pleistocene sedimentary sequences. However, the stratigraphic position of the geomagnetic polarity reversal varies greatly across the Chinese Loess Plateau (CLP), from near the bottom of paleosol unit S9 to the middle-upper part of S10. Here, we present paleomagnetic and rock magnetic results from high-resolution sampling of the Yushan loess section of the Lantian Basin located within the southern CLP. Our combined analyses determine that the polarity reversal is located in the middle-lower part of the paleosol unit S10. This stratigraphic position is lower than most of other studies conducted throughout the CLP. We attribute the difference in the location of the reversal to a deeper lock-in depth of remanence acquisition, which may have occurred from postdepositional processes under favorable hydrothermal conditions along the southern margin of CLP. It is important to note that age determinations through magnetic stratigraphy on sedimentary sections, particularly in discontinuous and/or imperfect sequences, should be treated with caution; there are significant differences with respect to the location of the polarity reversal throughout the CLP.
Background
Significant progress has occurred in the construction of the chronological framework for the thick, continuous Quaternary loess sediments over throughout northern China (Heller and Liu 1982; Burbank and Li 1985; Liu 1985; Kukla 1987; Kukla et al. 1988; Liu et al. 1988; Rolph et al. 1989; Yue 1989 Yue , 1995 An et al. 1991; Zheng et al. 1992; Ding et al. 1994 Ding et al. , 2002 Porter and An 1995; Lu et al. 1999; Heslop et al. 2000; Sun et al. 2006; Liu et al. 2015) . Additionally, numerous studies have focused on the exact identification and/or detailed processes of geomagnetic reversals (Heller and Liu 1982; Sun et al. 1993; Zhu et al. 1994; Spassov et al. 2001 Spassov et al. , 2003 Pan et al. 2002; Liu et al. 2008; Yang et al. 2005 Yang et al. , 2014 Liu 2010, 2011b; Wang et al. 2014; Zhao et al. 2014; Zhou et al. 2014 ) and excursions (Zhu et al. 1998 Fang et al. 1997; Pan et al. 2002; Yang et al. 2004 Yang et al. , 2007a Yang et al. , 2007b Yang et al. , 2008 Jin et al. 2012; Sun et al. 2013 ) recorded in Chinese loess.
Aeolian loess of the Chinese Loess Plateau (CLP) are transported from inland deserts and desert margins in the north and northwest of China and cover an area of over 440,000 km 2 (e.g., Liu 1985) . The entire Quaternary loess-paleosol sequence consists of 34 loess-paleosol units, which have been labeled with the S i -L i system (e.g., Liu 1985; Kukla 1987; Ding et al. 1990 Ding et al. , 1994 Ding et al. , 2002 Yang and Ding 2010) . There are 34 paleosol horizons (S0-S33) developed during warm interglacial periods, interbedded with 34 loess horizons (L1-L34) deposited during cold glacial periods. Meanwhile, sub-loess and sub-paleosol units have been identified and labeled within loess and paleosol units. For example, there are three sub-units of paleosols labeled as S5-1, S5-2 and S5-3 in the paleosol unit S5, two sub-units labeled as S6 and S6' (or S6 and S6-1) in S6, and two sub-units labeled as S9-1 and S9-2 in S9 (e.g., Liu 1985; Ding et al. 2002) .
The final geomagnetic reversal prior to the MatuyamBrunhes polarity reversal occurred at ca. 0.99 Ma B.P. (Shackleton et al. 1990; Cande and Kent 1995; Lisiecki and Raymo 2005) and marks the transition from Jaramillo normal subchron to Matuyama reverse chron, which is labeled as C1r.1n in the "CK95" timescale (Cande and Kent 1995) . However, details of this reversal are poorly understood. Previous paleomagnetic studies on various loess sections from across the CLP indicate the termination of the Jaramillo subchron (TJ) is located between the bottom of unit S9 and the middle-upper part of S10 (Heller and Liu 1984; Liu et al. 1988; Zheng et al. 1992; Zhu et al. 1994; Guo et al. 2002; Pan et al. 2002; Yang et al. 2004; Wang et al. 2005; Liu et al. 2010 ). Uncertainties in age determinations of aeolian sequences in the CLP make it difficult to accurately link the deposition to other long-term geological archives, such as deep-sea and lacustrine sediments.
To better constrain the exact position of the TJ and understand its transitional process in loess, we conducted a paleomagnetic investigation with continuous sampling from the Yushan loess section within the southern CLP. The results also provide information on the specific characteristics of local depositional remanence acquisition processes in loess.
Methods
The Yushan loess section lies in the Lantian Basin at the southern margin of the CLP (Fig. 1) . The Lantian Basin is located in the frontal area, which is penetrated by the East Asian summer monsoon, and has a mean annual temperature of ca. 13.1°C and precipitation of ca. 620 mm. The Lantian Basin is also well-known for the important Lantian Homo erectus; a fossil cranium found in the Gongwangling loess section in 1964, which was originally dated ca. 1.15 Ma (An and Ho 1989) . A more recent study indicates the probable age is more likely ca. 1.63 Ma (Zhu et al. 2015) . The Yushan section is located opposite the Gongwangling Paleolithic site, separated by the Bahe River (Fig. 1b) . The thickness of the Yushan section is approximately 80 m, as reported in a previous environmental magnetism investigation by Wu et al. (2013) , where the upper section is characterized by 15 nearly horizontal paleosol units and two yellow-brown sandy loess units (namely, L9 and L15) .
For this study, a continuous series of oriented block hand-samples were collected from the Yushan section between ca. 21.0 and 24.3 m or from the top of S9-2 to the middle of S11, yielding a total controlled thickness of about 3.3 m. The depth of 21.0 m in the upper Yushan section (Fig. 1c) is defined as the zero position. In the laboratory, each hand-sample was cut into 2-cm cubic specimens. A total of 201 oriented specimens (29 of which are sister specimens used for comparison) and 172 powder samples were finally obtained.
Saturation isothermal remanent magnetizations (SIRM) and coercivity spectrums of 10 selected air-dried powder samples were performed and measured using a MMPM 10 pulse magnetizer and a Molspin spinner magnetometer, respectively. Temperature-dependent magnetization was conducted on three selected samples with a variable field transition balance (VFTB) under a background magnetic field of about 100 mT. Hysteresis loops were also obtained on the three samples, where the magnetic field cycled between ±1.0 T for each sample. Data for the hysteresis loops were processed with RockMag Analyzer 1.1 designed by Leonhardt (2006) . All magnetic measurements were conducted at the Key Laboratory of Western China's Environmental Systems (MOE), Lanzhou University.
The anisotropy of magnetic susceptibility (AMS) of the oriented specimens was measured using a MFK1-FA Kappabridge instrument in a magnetic field of 400 A/m and frequency of 976 Hz and precision of 2 × 10 −8 SI. The measurements were conducted at the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences (CAS). The data were processed according to Jelínek (1978) .
Progressive thermal demagnetization (ThD) was also performed on 201 oriented specimens from room temperature to 585°C (with a few up to 635°C). All the remanences were measured using a 2G-755R threeaxis cryogenic magnetometer installed in a magneticshielded room with residual fields less than 300 nT at the South China Sea Institute of Oceanology (SCSIO), CAS. The data acquisition and analysis software were PaleoMac written by Cogné(2003) and PMGSC written by Enkin et at. (2003) , respectively. The directions of remanent magnetization components for each specimen were determined by principal component analysis (Kirschvink 1980) with at least four successive data points.
Moreover, previously published anhysteretic remanent magnetization (ARM) and SIRM data of 33 samples (Wu et al. 2010 ) were used to evaluate any significant variations in magnetic mineralogy. The 33 samples of this study were sampled at a sampling interval of 10 cm (Fig. 1c) . The ARM was imparted in a 100-mT peak alternating field with a 0.05-mT bias DC field, while the SIRM was acquired in a 1000-mT DC field.
Results

Magnetic mineralogy
Thermomagnetic curves of the three selected samples show an obvious turning point near 580°C (Fig. 2) , indicating the main magnetization carrier is magnetite (Curie point 580°C). The slight decrease of magnetization when temperature rises above 580°C might indicate the existence of hematite. Additionally, an obvious bend occurs at In Fig. 3 , the 10 selected samples show similar isothermal remanent magnetization (IRM) acquisition curves. Their rapid rises at the beginning (<150 mT) indicate the existence of magnetically soft components. The 10 samples acquire 89.6-97.2 % of SIRM (IRM at 1.5 T) under 0.3 T, implying that low-coercivity magnetic minerals (e.g., magnetite and maghemite) are the dominant carriers of the IRM. IRMs continue to increase from 0.3 to 1.5 T, suggesting the presence of magnetically hard components, such as hematite and possibly goethite. Some abnormal fluctuations appear in the IRM acquisition curves (Fig. 3a) , which may be a result from the instrument itself. Coercivity increases from 25 to ca. 53 mT (Fig. 3b) , almost contrary to the intensity of pedogenesis the samples experienced, mainly because the ultrafine pedogenic magnetic grains cannot carry remanence but contribute significantly to magnetic susceptibility.
In Fig. 4 , hysteresis loops of the three representative samples exhibit no evidence of wasp-waisted characteristics, which is similar to those of loess and paleosol samples from neighboring Duanjiapo loess sections (Florindo et al. 1999) , indicating no contributions from superparamagnetic grains or high-coercivity magnetic minerals (Roberts et al. 1995; Tauxe et al. 1996) . The loops are basically closed when the magnetic fields rise up to ca. 300 mT (Fig. 4) , suggesting that the hysteresis behaviors are dominantly controlled by soft magnetic minerals. However, combined with the thermomagnetic discriminations and IRM curves, the magnetic components do not only include low-coercivity magnetite and maghemite but also include high-coercivity hematite and goethite. The hysteresis parameters of the three samples denote that the average magnetic grain size is distributed in the range of pseudo-single domain (Day et al. 1977; Dunlop 2002) , coincident with the previous investigation of the section by Wu et al. (2010) .
Anisotropy of magnetic susceptibility
The principal susceptibility axes that define an ellipsoid with three orthogonal axes for each specimen are labeled as K MAX , K INT , and
The low-field magnetic susceptibility (χ, mass specific) in this study was determined by mass-normalized K m (mean volume susceptibility). The degree of AMS (P = K MAX / K MIN ) of the 172 oriented specimens is determined by the foliation (F = K INT /K MIN ), which is relatively low and constant and ranges from 1.002 to 1.013 with an average value of 1.005 (Fig. 5b) . These values indicate typical characteristics of aeolian sediments as previously suggested Zhu et al. 2004; ).
The majority of specimens demonstrate the prevalence of oblate magnetic fabric (Fig. 5a) , which also suggests an aeolian origin. Meanwhile, there is an inverse relationship between E12 and the lineation (L = K MAX /K INT ). E12 represents 95 % confidence ellipse half-angle uncertainty between K MAX and K INT . Only seven specimens had E12 > 22.5° (Fig. 5c ), which indicates a primary sedimentary fabric without apparent disturbance (Lagroix and Banerjee 2004; Zhu et al. 2004 ).
Paleomagnetism
A low-temperature natural remanent magnetization (NRM) component can easily be erased below 250°C, which is generally considered as a viscous remanent magnetization. According to rock magnetic results of the section, the remanent magnetization was dominantly carried by fine-grained magnetite. Most of the specimens have a characteristics remanent magnetization (ChRM) component, which was stable and determined to be between 250 and 585°C. Representative demagnetization diagrams of six specimens are presented in Fig. 6 , including reverse (Fig. 6a, b) , normal (Fig. 6e, f) , and transitional (Fig. 6c, d ) polarities. Particularly in Fig. 6c , the demagnetization trajectories bypass rather than decay toward the origin; thus, the ChRM directions of the specimen at 1.825 m were not fitted through the origin. The ChRM directions of the other specimens were forced to be computed through the origin. Of the 172 vertically distributed specimens, 171 yield reliable ChRM directions with maximum angular deviations (MADs) of less than 15°. These specimens were used to construct the magnetic stratigraphy (Fig. 7) . One specimen, with a depth of 1.805 m was not used because a stable ChRM component failed to be isolated. The TJ was clearly identified at the depth of 1.785-1.880 m in the middle-lower part of the paleosol unit S10. The transition process, which takes into account an average sedimentation rate of about 4.72 cm/ka (Wu et al. 2010) , was determined to occur over a short duration of ca. 2.02 ka. 
Relative paleointensity
The concentration-dependent parameters, including the χ, ARM, and SIRM, all vary by a factor of less than 4; the magnetic grain-size-dependent parameter ARM/ SIRM varies by a factor of less than 2 (Fig. 8) . The relatively constant concentration and grain size of the magnetic minerals satisfy the criteria suggested for construction of relative paleointensity proxies (e.g., Tauxe 1993). The three magnetic-concentration-sensitive parameters, magnetic susceptibility (χ or K m ), ARM, and SIRM, are often used to normalize the NRM for constructing paleomagnetic paleointensity proxies (King et al. 1983; Tauxe 1993; Valet 2003) . Here, we use K m as a normalizer because ARM and SIRM of the specimens from the studied interval of the Yushan section have not been measured. The ratio NRM250/K m (NRM250 represents NRM intensity after thermal demagnetization at 250°C) displays a more prominent low at the transitional polarity interval than that within the NRM250 (Fig. 8d, h ).
Discussion
A total of 15 nearly horizontal red-brown paleosol units can be clearly identified in the upper Yushan loess section (Fig. 1c) , which allows distinct subdivision of the loess-paleosol sequence. Two marker layers L9 and L15 precisely bracket seven weathered paleosol layers from S9-1 to S14 in the outcrop. The pedostratigraphy division was confirmed by multiple environmental magnetism parameters (Wu et al. 2010) . The magnetic susceptibility record of the segment (from S9-1 to S14) in the Yushan section can be compared to that of the Duanjiapo section (Bloemendal et al. 2008) , which is also located in the Lantian Basin (Fig. 1b) and consists of a continuous and complete sequence of 33 loess-paleosol strata. The segment between 0.65 and 1.0 m within the Yushan section, which had a period of high χ values (Fig. 7a) , could not be designated as an unit of weak-weathering paleosol because no soil horizon could be visually or tangibly identified in this interval during the field observation. Three similar segments with relatively high magnetic susceptibility values also appear in the Baoji section, but only two are labeled as the sub-units S9-1 and S9-2 (Yang et al. 2004) . The position of TJ in the Yushan section can be connected to the middle-lower part of the paleosol unit S10. Two complementary tests have been made for the discrimination of the reversal. First, the AMS detected there was no apparent disturbance within the sediment fabric ( Figs 5, 8b, c) , which suggests a stable postdepositional condition for remanence recording (Zhu et al. 2004 (Zhu et al. , 2006 Yang et al. 2004 Yang et al. , 2005 Yang et al. , 2008 Yang et al. , 2014 Jin and Liu 2010 , 2011a , 2011b Jin et al. 2012) . Second, the relative paleointensity proxy NRM250/K m records a period of obviously low values during the reversal (Fig. 8h) . It is generally accepted that geomagnetic field intensity decrease largely during the polarity reversals (Merrill and McFadden 1999) . Numerous studies have confirmed the relationship between paleointensities and geomagnetic reversals, such as in marine sediments (e.g., Channell et al. 2002 Channell et al. , 2010 Channell et al. , 2014 Suganuma et al. 2010; Valet et al. 2014) , lacustrine successions (e.g., Sagnotti et al. 2014) , ice cores (e.g., Raisbeck et al. 2006) , and lavas (e.g., Kissel et al. 2014 ). Paleomagnetic and rock magnetic studies also have 
(10 -7 m 3 kg -1 ) However, the position of the reversal differs from previous records in loess sections across the CLP. A recent paleomagnetic study from the Baoji loess section defined the TJ at the top of L10 (Yang et al. 2004) , which is in agreement with previous studies in the same area (Rutter et al. 1990 ). The TJ was also placed in L10 from the loess sections of Weinan at the southern CLP (Zhu et al. 1994; Pan et al. 2002) , and Xifeng in the central CLP , and close to the stratigraphy boundary of the L10/S9 in the section of Jingbian at the northern CLP . Meanwhile, a series of studies from other loess sections, such as Luochuan in the central CLP (Heller and Liu 1984; Kukla and An 1989; Liu et al. 2010 ), Duanjiapo at the southern CLP (Zheng et al. 1992) , and Sanmenxia at the southeastern CLP (Wang et al. 2005 (Wang et al. , 2006 defined the final position of the TJ in the paleosol unit of S10. Jin and Liu (2011a) put the TJ in the middle-lower S10 of the classical Luochuan section but present no paleomagnetic data for the reversal. Thus, we still use the position of the TJ provided by Liu et al. (2010) in Fig. 9 . Furthermore, these records largely indicate a more or less higher position for the TJ than that for this study (refer to Fig. 9 ). Fortunately, previous age determination within the TJ could shed light on its exact stratigraphic position in the loesspaleosol sequence of China. A recent paleomagnetic and dating (K-Ar and 40 Ar/ 39 Ar) investigation on volcanic rocks at Canary Islands reported that the centered age of the TJ is at 996 ± 7 ka (2σ, relative to FC sanidine at 28.02 Ma) (Kissel et al. 2014 ). This age is consistent with the 40 Ar/ 39 Ar age (a weighted mean of Wu et al. (2010) 1001 ± 10 ka) of the TJ obtained from the lava flows in the Punaruu Valley in Tahiti (Singer 2014) . The most suitable age for the TJ could be obtained from reconciliation of radiometric dating on volcanic rocks (Kissel et al. 2014; Singer 2014) and chronological framework of global deep-sea sediments (Shackleton et al. 1990; Channell et al. 2002 Channell et al. , 2009 Horng et al. 2002; Oda 2002, 2005; Lisiecki and Raymo 2005; Mazaud et al. 2009 ), which yield an age of ca. 990 ka. This timing correlates with the top of the loess unit L10 in the "Chiloparts" (Chinese loess particle timescale) given a reference age of the bottom of S9-2 at 989 ka . The Chiloparts was established by tuning grain size records of five loess sections over the CLP to the theoretical variations in obliquity and precession of the Earth's orbit. Thus, there will be an offset of ca. 1.23 m in depth between the position of the TJ in this study (at ca. 1.78 m) and the one oriented from the Chiloparts (at ca. 0.52 m). If the S9-2 is relocated to the depth of 0.65-1.0 m, the offset depth will be ca. 0.78 m. This may imply the TJ has been displaced downward in the Yushan section. The downward shift could be attributed to the lock-in effect, which has been identified in Chinese loess (Zhou and Shackleton 1999; Heslop et al. 2000; Spassov et al. 2003) . We suggest that the almost lowest position of the TJ in the Yushan section should be ascribed to a deeper lock-in depth compared to its counterparts in Chinese loess. Meanwhile, we note that Jin and Liu (2011a) recently proposed a new division of S9-S10. According to their strategy, S10 should consist of two sub-paleosol units (former S9-2 and S10), then it could be well-correlated to the two weak interglacials of marine isotope stage (MIS) 27 in marine sediments. A similar strategy was proposed to deal with the long-standing discrepancy of Matuyama-Brunhes boundary (MBB) between Chinese loess and marine sediments (e.g., Wang et al. 2006; Liu et al. 2008; Jin and Liu 2011b) . These adjustments would bring the marine and terrestrial records into better age agreements for both the TJ and MBB but might result in a confused correlation of Chinese loess-paleosol sequences and marine sediments (e.g., Zhao et al. 2014; Zhou et al. 2014) .
Therefore, an alternative explanation for the relatively deeper TJ in the Yushan section would still be a lock-in model. This is supported by an investigation of the timing and lock-in effect of the Laschamp geomagnetic excursion in Chinese loess, which indicated a progressive southeastward increase in the lock-in depth in three loess sections across the CLP (Sun et al. 2013 ). Complicated regional geology and paleoenvironmental backgrounds, such as frequent tectonic activity (Sun 2005) and water content in loess (Wang and Løvlie 2010; Zhao and Roberts 2010) , might play a significant role during deposition and final consolidation of aeolian dusts. Obvious differences, such as the stratigraphic position and transitional process of the reversal, are seen in the two neighboring sections, i.e. the Weinan and Yushan loess sections (Fig. 9) , and might result from different postdepositional remanent magnetization processes induced by varying sedimentary characteristics and environments from area to area (Sun et al. 2013) . Moreover, the duration of the reversal determined by a very limited number of specimens from this study, ca. 2.02 ka, differs from previous studies, such as ca. 3.2 ka from the Weinan section (Zhu et al. 1994 ), 7.6 ka with an uncertainty of 5.6 ka from a volcanic section at Tenerife, Canary Islands (Kissel et al. 2014 ) and ca. 8 ka on deep-sea sediments (ca. 8 ka) ).
Conclusions
We identify the stratigraphic position of the TJ in the middle-lower part of the paleosol unit S10 in the Yushan section at the southern margin of CLP through a paleomagnetic and rock magnetic study with nearcontinuous sampling. We primarily attribute this characteristic recording to a deep lock-in depth of remanence acquisition. Regionally complex geological background and paleoenvironmental conditions may have played an important role in the remanence acquisition in loess during the postdepositional process. Additionally, the exact location of the reversal is important for future reliable age determinations of Paleolithic sites discovered in loess from the Lantian Basin (Zhang et al. 1978; An and Ho 1989; Zhu et al. 2015; Dennell, in press ). These sites often lack a continuous and complete loesspaleosol sequence when referring to a classical frame sequence of loess (e.g., Ding et al. 2002; Sun et al. 2006 ).
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